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• Microseismic data has been recorded over 8 years of CO2 injection at Weyburn 13 
• Microseismic data can be used to assess the likelihood that larger events may occur 14 
• We find that CO2 injection at Weyburn is unlikely to trigger felt seismic events. 15 
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19 
ABSTRACT 20 
Since 2000, CO2 has been successfully injected for the purposes of both enhanced oil recovery (EOR) 21 
and carbon capture and storage (CCS) at the Weyburn oilfield. A component of the geophysical 22 
monitoring program at Weyburn has included the use of downhole geophones to monitor microseismic 23 
activity. Microseismic events have already been used to assess the likelihood of CO2 leakage through 24 
the caprock at Weyburn. However, in recent years, the focus with respect to CCS and geomechanics 25 
has shifted to the concern that fluid injection will trigger induced seismicity. Therefore, in this paper 26 
we reanalyse the microseismic observations at Weyburn with respect to concerns regarding induced 27 
seismicity. We assess the population statistics of the Weyburn microseismic events, both in terms of the 28 
Gutenberg-Richter b-values and the correlation between moment release and injection/production 29 
volumes. Our observations serve to corroborate previous studies that considered the geomechanical 30 
cause of the microseismic events: namely that the events are not directly triggered by fluid injection, 31 
but in response to stress transfer through the rock frame in response to both production and injection. 32 
We observe that the b-value at Weyburn is close to 1, the value expected for stress-driven, tectonic 33 
seismicity, and significantly lower than values observed in cases where the microseismicity is directly 34 
driven by fluid injection (during hydraulic fracturing, for example). We also note little to no 35 
correlation between fluid volume changes and induced seismicity – either injection volume alone or net 36 
volume change (produced – injected). Finally, we use the observed event statistics to forecast the 37 
likelihood that current operations at Weyburn will lead to larger events of sufficient magnitude to be of 38 
concern to local populations. We find that the probability of inducing such events is very unlikely.  39 
 40 
41 
1. INTRODUCTION 42 
In 2000, the Weyburn oilfield, southeast Saskatchewan, began injecting CO2 for the purposes 43 
of Enhanced Oil Recovery (EOR). Alongside this commercial operation, a research project 44 
was developed to study the response of the site in terms of carbon capture and storage (CCS). 45 
As part of this project, a downhole geophone array was installed to detect and locate 46 
microseismic events induced by CO2 injection. The primary focus was on imaging fracture 47 
pathways that might be created by pressure increases in the reservoir, thereby addressing the 48 
concern that fracturing could create a leakage pathway through the sealing caprock (Verdon 49 
et al., 2011).  50 
However, in recent years focus has shifted to concerns that CO2 injection will lead to 51 
injection-induced seismicity (e.g. Zoback and Gorelick, 2012; Verdon et al., 2013a). This 52 
shift in focus has been driven by the notable increase in the number of earthquakes induced 53 
by wastewater disposal in the mid-continental USA (Ellsworth, 2013), which has seen 54 
Oklahoma overtake California in the number of earthquakes per unit area in 2014 (Keranen et 55 
al., 2014).  56 
A number of methods have been proposed that use microseismic events to assess the 57 
likelihood that injection processes will induce larger seismic events. These include: 58 
calculating the cumulative seismic moment released as a function of the volume injected, and 59 
extrapolating this forward to the expected final injection volume (e.g., Hallo et al., 2014; 60 
Verdon et al., 2015a); making an assessment of the seismogenic index (e.g., Shapiro et al., 61 
2010; Dinske and Shapiro, 2013); scaling earthquake magnitudes with the size of the 62 
stimulated volume as demarcated by the microseismic event cloud (e.g., Shapiro et al., 2011); 63 
and using microseismic observations to calibrate geomechanical and structural models, from 64 
which induced seismicity is simulated numerically (e.g., Verdon et al., 2015b).    65 
In this paper, our aim is to re-evaluate the microseismic data presented by Verdon et al. 66 
(2011). Verdon et al. (2011) considered the microseismicity primarily within the framework 67 
of leakage risk posed by the events; in this paper we use it to assess the likelihood that CO2 68 
injection will trigger higher levels of seismic activity in the Weyburn oilfield. 69 
2. MICROSEISMIC DATA RECORDED AT WEYBURN 70 
2.1. A brief description of the Weyburn oilfield 71 
The Weyburn oilfield is situated in the Williston Basin, southeast Saskatchewan. The 72 
hydrocarbon-bearing units are found in Carboniferous-age formations at depths of 1300-73 
1500m, specifically the Midale carbonates, which are divided into an upper, Marly layer, and 74 
a lower Vuggy layer. The primary caprock for these units is the overlying Midale evaporate. 75 
A second important seal is the Mesozoic Lower Watrous Shale, which in this area lies 76 
unconformably on top of the Carboniferous beds.  77 
It is estimated that the Weyburn reservoir initially held 1.4 billion barrels of oil. Production 78 
began in 1954, and was initially unsupported, but from the 1960s onwards, water was re-79 
injected to maintain pressures and to force oil towards the production wells. Production 80 
peaked after the waterflooding at 46,000 barrels/day. In 1991 the operator began the drilling 81 
of horizontal wells to target the less-permeable Marly layer. Before CO2 injection began, 82 
approximately 25% of the original oil in place had been produced. In 2000, CO2 injection for 83 
EOR was initiated in the Phase 1A area of the field, followed by the Phase 1B area in 2003. It 84 
is estimated that the CO2-EOR will increase production by a further 130 million barrels 85 
(~10% of the original oil in place). A full description of the Weyburn reservoir, and the CO2 86 
injection operations conducted therein, can be found in Hitchon (2012).  87 
2.1. Microseismic monitoring at Weyburn 88 
In 2003 a microseismic array was installed to monitor a portion of the CO2 flood in the Phase 89 
1B portion of the field. The monitoring array consisted of 8 triaxial geophones cemented into 90 
a disused vertical well, at depths of 1181-1356m, with a spacing of 25m. These depths place 91 
the geophones approximately 75 - 250m above the reservoir. Apart from occasional pauses 92 
due to technical issues, these geophones recorded continuously from August 2003, 5 months 93 
before the start of CO2 injection in the nearest well to the microseismic monitoring well. Data 94 
is available until November 2010, shortly after when this same injection well was shut in.  95 
The recorded data was processed on a monthly basis by a contractor, Engineering Seismology 96 
Group Ltd., of Ontario (Maxwell et al., 2005). The initial processing consisted of a triggering 97 
algorithm to search the data for possible events. Where triggers were detected, P- and S-wave 98 
phases were picked, and travel times inverted for the best-fit location, using a velocity model 99 
derived from a sonic log. The frequency spectra of the arriving phases were used to determine 100 
event magnitudes. With only a single downhole array, the array aperture is not sufficient to 101 
allow event source mechanisms to be determined.  102 
Figure 1 shows the locations of injection and production wells in the vicinity of the 103 
monitoring array (M-1). In this area water and CO2 are injected in a WAG (Water-104 
Alternating-Gas) injection procedure via vertical wells, while oil is produced from horizontal 105 
wells that trend NE-SW. Figure 2 shows monthly injection rates for water and CO2 through 106 
the WAG injection well nearest to the monitoring well (labelled I-1 in Figure 1), and the 107 
combined production rates from all of the surrounding oil wells (P-1 – P-7). CO2 injection 108 
rates are provided by the operator in standard units: in Figure 2 we convert these volumes into 109 
a volume at reservoir conditions by approximating the density of supercritical CO2 as 110 
700kgm-3, in order to facilitate a comparison between injected and produced volumes of oil, 111 
water and CO2.  112 
 
(a) 
 
(b) 
Figure 1: Map (a) and cross section (b) of the microseismic monitoring setup installed at Weyburn. 113 
Red lines and triangles show oil producers, blue lines and triangles show WAG injection wells. The 114 
microseismic monitoring well is labelled M-1 in the upper panel, while the monitoring geophone 115 
depths are shown by the grey squares in the lower panel. Depths are below sea level (the ground 116 
surface is approximately 580m above sea level).     117 
  
(a) (b) 
Figure 2: Panel (a) shows monthly injection rates (green) and production rates (red) for the wells near 118 
to the microseismic monitoring well, while (b) shows cumulative injection and production volumes. 119 
Also shown are the microseismic event occurrence times and magnitudes (black dots).     120 
2.2. Detected Events 121 
Over the full monitoring period (2003 – 2010), a total of 207 microseismic events were 122 
identified. The largest event had a magnitude of -0.5, while the smallest event had a 123 
magnitude of -3.5. Event locations are shown in Figure 3. We note that 200 events of 124 
magnitude -3.5 < M < -0.5 over an 8 year period is a very low level of seismicity. For 125 
comparison, at the In Salah CCS project, over 9,000 events were recorded in one year, with a 126 
maximum magnitude of 1.7 (Stork et al., 2015), while the Decatur pilot CCS project has seen 127 
events with a maximum magnitude of approximately 1.3 (Kaven et al., 2015).  128 
 129 
(a) 130 
 131 
(b) 132 
Figure 3: Map (a) and cross section (b) of microseismic event locations. Wells are depicted as per 133 
Figure 1. Microseismic events are coloured by occurrence date, and the size of the marker indicated 134 
event magnitudes (which range from -3.5 to -0.5). 135 
There is a notable degree of temporal clustering in the recorded events. For long periods of 136 
time no seismicity is detected, interspersed with days and/or weeks where tens of events are 137 
recorded over a short period of time. It is not clear what causes this clustering to happen.   138 
In the time between array installation in August 2003 and the start of injection in well I-1, 8 139 
events were recorded by the array. These events were all located to the SE of the injection 140 
well, near to production wells P-3 – P-5. This indicates that oil production from the field was 141 
capable of triggering microseismicity even prior to the onset of CO2 injection.  142 
15 events were detected within 2 days of the start of injection in well I-1. These events were 143 
primarily located around the production well to the northwest of the injection well, P-6, and 144 
in between this well and the injector. A further 45 microseismic events were recorded over 145 
the spring and summer of 2004, the majority of which were located to the northwest of I-1, 146 
with a few events recorded to the SE, in the same area as the events detected prior to injection 147 
(near wells P-3 – P-5).  148 
The monitoring array was disabled from November 2004 until October 2005. A further 18 149 
events were recorded in October 2005. These events were located at a range of depths (900 – 150 
1500m below surface) in close proximity to the monitoring well. The mechanism for these 151 
events remains unclear. A further 21 events were recorded in January 2006, and were mainly 152 
located to the southeast of the monitoring well, near to production well P-5. From 2006 until 153 
2010 only a further 8 events were recorded. In 2010 however, the injection well I-1 was shut 154 
in and abandoned. During the month following shut-in, a further 92 events were recorded. All 155 
of these events were located in close proximity to the injection well, at reservoir depths.  156 
In Figure 4 we investigate the shift in loci of events from the general production and injection 157 
period to when the injection well I-1 is shut in. To better represent the spatial distribution of 158 
the overall seismic moment released, we generate a grid in x-y space, and for each discretized 159 
point 
!x , we compute a parameter to represent the cumulative moment released by nearby 160 
events, MSUM (
!x) : 161 
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where MO is the seismic moment released by event i, and N is the normal distribution, where 163 
Di, !x  is the distance between event i and grid point 
!x , and Ei is the lateral event location error 164 
for event i.  165 
In Figure 4, we plot smoothed contours of MSUM (normalised by the maximum value in each 166 
case) for the events recorded between 2003 – 2009 (Figure 4a), and for the events recorded 167 
after well I-1 was shut in in late 2010 (Figure 4b). For the events between 2003 – 2009. There 168 
are two main focuses of moment release (high values of MSUM). The largest is located in close 169 
proximity to the production well to the southeast (P-5), while the second is centred on the 170 
production well to the northwest (P-6), and extends towards the injection well (I-1). In 171 
contrast, the events in 2010 once I-1 has been shut in are very clearly focussed around the 172 
same well (Figure 4b).   173 
  
(a) (b) 
Figure 4: Smoothed contours of MSUM (equation 1), representing the spatial distribution of moment 174 
released, for the events recorded between 2003 – 2009 (a), and after shut in of injection well I-1 in late 175 
2010 (b). Black dots represent the event loci, while the injection and production wells are as per 176 
Figure 1. 177 
In Figure 5 we investigate the different depths of these two event populations. This histogram 178 
shows that event depths during production and injection (2003 – 2009) are centred on the 179 
reservoir units, but a significant proportion (88%) are located outside of the reservoir limits, 180 
either underneath or above the reservoir. In contrast, the majority (61%) of events that occur 181 
after shut in of I-1 in 2010 are located within the reservoir interval. 182 
 183 
Figure 5: Histogram of event depths. Dashed black lines indicate the approximate reservoir depth. 184 
Blue bars represent events recorded from 2003 – 2009. The red bars indicate events recorded after the 185 
shut-in of the injection well in late 2010.  186 
3. INTERPRETATION OF MICROSEISMIC OBSERVATIONS 187 
Conventional theory pertaining to injection-induced seismicity is that pore pressure increases 188 
caused by injection act to reduce the normal stress, increasing the likelihood of failure on 189 
optimally oriented planes of weakness. As such, we would expect seismicity to correlate with 190 
areas of elevated pore pressure, and moreover the presence of microseismic activity would 191 
imply a hydraulic connection between injection wells and the loci of microseismic events. So 192 
events located in the overburden would imply a hydraulic connection through the reservoir 193 
and into the caprocks. This would be of obvious concern in terms of CO2 storage integrity, 194 
particularly if such events were located near to injection wells, where CO2 concentrations and 195 
pore pressures will be highest, and therefore the chance of leakage greater.   196 
However, during injection and production at Weyburn, the focus of microseismic activity is at 197 
the production wells (Figure 4a), and in the under- and overburden as well as the reservoir 198 
(Figure 5). These are areas where the pore pressure is expected to be lower.  199 
When the injection well is shut in, we would otherwise expect the reducing pore pressure to 200 
reduce microseismicity. Instead, we see a further burst of microseismicity. At this time, the 201 
events are located in close proximity to the shut-in well (Figure 4b), and mainly within the 202 
reservoir unit (Figure 5). These observations suggest that microseismicity at Weyburn is not 203 
driven directly by increasing pore pressures in the reservoir. 204 
An alternative potential cause of microseismicity is from the geomechanical impacts of both 205 
injection and production from the reservoir. Stress can be transferred through the solid rock 206 
frame, leading to changes in both normal and shear stresses acting on planes of weakness, 207 
resulting in microseismicity (e.g., Verdon et al., 2015b). Importantly, these stress changes can 208 
be transferred into the rocks over- and underlying the reservoir (e.g., Segura et al., 2011), 209 
leading to microseismicity in the overburden even where there is no hydraulic connection 210 
(and therefore no CO2 leakage) into these rocks. This type of mechanism was first suggested 211 
by Segall (1989). 212 
Verdon et al. (2011) constructed a coupled fluid-flow/finite element geomechanical model for 213 
the microseismic monitoring region of the Weyburn oilfield. A commercial reservoir flow 214 
model was used to simulate pore pressure changes caused by production and injection. These 215 
pore pressure changes are passed to a geomechanical model to simulate how the changes in 216 
pore pressure lead to stress changes in and around the reservoir.  217 
The model was a simplified representation of the setup at Weyburn, with three vertical CO2 218 
injection wells situated in between 4 horizontal oil production wells. Initially, the production 219 
wells were switched on without injection, to simulate the initial stages of unsupported 220 
production at Weyburn. At a later stage, the injection wells were switched on. 221 
The coupled geomechanical model provides a map of stress as a function of time. In order to 222 
simulate induced microseismicity, Verdon et al. (2011) computed changes in the fracture 223 
potential, fp, which describes how close the stress state is to the Mohr-Coulomb failure 224 
criteria. The higher the fracture potential, the more likely it is that a microseismic event will 225 
occur. The absolute value of fp will be determined primarily by the in situ tectonic stresses, 226 
and in particular the relative difference between the maximum and minimum principle 227 
stresses, and this will determine the maximum shear stress. However, Verdon et al. (2011) 228 
were particularly interested in the modelled changes in fp through time, as this would indicate 229 
the areas of the reservoir where fracturing, and therefore microseismicity, would be more 230 
likely to occur as a result of injection and/or production.  231 
In their model, Verdon et al. (2011) found that a softer-than-expected reservoir unit promoted 232 
stress transfer into the surrounding under- and overburden rocks (such as that described by 233 
Segura et al., 2011). The result of this stress change was to increase fp in the rocks around the 234 
production wells, and especially in the overburden above the production wells, while fp in the 235 
rocks around the injection wells, where pore pressures were highest, was reduced slightly. 236 
The areas of elevated fp modelled by Verdon et al. (2011) correspond to the areas where most 237 
microseismicity was observed at Weyburn, i.e., near to and in the overburden above the 238 
horizontal production wells. This also explains why microseismicity might occur after shut-in 239 
of the injection well: as pore pressure reduces after shut-in, fp actually increases slightly.  240 
When considered within the framework of microseismicity induced solely by pore pressure 241 
increases, the microseismic observations at Weyburn are counter-intuitive. However, the 242 
Weyburn oilfield has a long and complex history of both fluid production and injection. It is 243 
therefore not surprising that the observed geomechanical effects cannot be accounted for with 244 
a simple pore-pressure-increase type framework. Instead, when the full geomechanical 245 
response to both production and injection are considered, microseismic events occur in areas 246 
where shear stresses are increasing in response to stress transfer through both the reservoir 247 
rocks, but also the rocks in the under- and overburden as well.   248 
The model produced by Verdon et al. (2011) is informative with respect to storage integrity. 249 
There is no evidence from other geophysical measurements that substantial amounts of CO2 250 
have leaked from the reservoir into the overburden. However, a number of microseismic 251 
events are located in the overburden. The Verdon et al. (2011) model has no hydraulic 252 
communication between reservoir and overburden – all of the injected CO2 remains in the 253 
reservoir. Instead, stress is transferred through the rock frame, and this stress transfer is 254 
capable of producing the observed patterns of microseismicity.  255 
4. USING MICROSEISMICITY TO FORECAST INDUCED SEISMICITY 256 
A number of recent studies have studied the statistics of populations of induced events to 257 
assess the likelihood of larger seismic events being triggered (e.g. Shapiro et al., 2011; Hallo 258 
et al., 2014; McGarr, 2014; Verdon et al., 2015). In this section we consider the events 259 
recorded at Weyburn in a similar manner.  260 
4.1. Gutenberg-Richter relationship 261 
The Gutenberg-Richter relationship describes the number of events recorded as a function of 262 
the event magnitude. For most earthquake catalogues, the number of events, N, larger than a 263 
given magnitude, M, is described by the relationship 264 
 log10 N = a – bM,   (2)     265 
where a and b are constants to be determined. The constant b is of particular interest, and is 266 
often referred to as the ‘b’ value. For most tectonic earthquake populations, b is found to be 267 
equal to 1 (Frohlich and Davis, 1993). However, in certain situations, higher b-values have 268 
been observed, most notably where fluids play a significant role in the deformation (e.g., 269 
Wyss et al., 1997). This is particularly true for microseismic monitoring of hydraulic fracture 270 
stimulation, where b-values of 2 or more are common (e.g., Verdon et al., 2013b). As such, b-271 
values can be used to help better understand the style deformation that is producing induced 272 
seismicity.  273 
Figure 6 shows the frequency-magnitude distribution for events recorded at Weyburn, 274 
calculated using the method described by Verdon (2013). The best-fit b-value is 1.1, very 275 
close to the value typically observed for tectonic events of 1. A b-value of 1 is consistent with 276 
the interpretation discussed in the previous section, where Verdon et al. (2011) concluded that 277 
the events have not been directly triggered by the pore pressure increase associated with 278 
injection. Instead, the transfer of stress through the rock frame drives the microseismicity. We 279 
can make a contrast between this situation and that of the In Salah CCS site, where seismicity 280 
is driven directly by pore-pressure increases, and the b-value is observed to be larger than 2 281 
(Stork et al., 2015).   282 
 283 
Figure 6: Frequency-magnitude distribution for microseismic events. A b-value close to 1 is recorded. 284 
Blue dots show events used in the analysis, green dots show events below the detection threshold, while 285 
the red line shows the G-R fit to the data, and dashed lines show the confidence interval. 286 
4.2. Seismic Efficiency and Maximum Magnitude 287 
From observations of numerous cases of injection-induced seismicity, McGarr (2014) defined 288 
a relationship between the seismic moment released by the largest event, MOMAX and the total 289 
change in volume, ΔV, injected into or produced from a reservoir, 290 
 MOMAX = GΔV,    (3)     291 
where G is the rock shear modulus.  292 
The McGarr (2014) relationship describes the worst-case scenario, where all of the 293 
deformation induced by injection/production is released seismically, and all of the seismic 294 
moment is released as a single large event. In reality, much of the deformation is released 295 
aseismically, while energy that is released seismically may be released as a series of small 296 
events, rather than a single large event: this distribution is determined by the b-value, as 297 
discussed above, where a b-value of 0 implies all of the seismic moment is released as a 298 
single event.  299 
Hallo et al. (2014) therefore modified the McGarr (2014) relationship, such that only a 300 
portion of the injected (or produced) volume is released seismically. This factor is referred to 301 
as the seismic efficiency, SEFF, which is computed as SEFF = ΣMO/GΔV, where ΣMO is the 302 
cumulative seismic moment released. The largest event magnitude, MMAX, for a given 303 
injection or production volume can then be written as 304 
MMAX =
2
3 log10
SEFFGΔV
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where δ is defined by Hallo et al. (2014). 306 
The advantage of this approach is that both SEFF and b can be measured continually 307 
throughout injection, allowing operators to make estimates of MMAX for a given future 308 
injection volume. Here we demonstrate this process for the Weyburn microseismic data. 309 
To compute SEFF, a volume change is needed to correlate with cumulative seismic moment 310 
released. Typically, most projects either only inject or only produce fluids from the reservoir, 311 
and as such the volume change is easily computed as the cumulative injected/produced 312 
volume. However, at Weyburn, fluids are both injected and produced in close proximity to 313 
each other. The appropriate volume in this case is therefore less well defined. Therefore, in 314 
the following we consider two possibilities: firstly that ΔV is simply the cumulative volume of 315 
fluid injected through well I-1; and secondly that ΔV is the net change in volume considering 316 
both fluid injected through well I-1 and fluid extracted from the 7 wells surrounding the 317 
microseismic monitoring area (P-1 – P-7).  318 
Figure 7 shows cumulative volume change and cumulative seismic moment released under 319 
these two scenarios. Where fluid injection/production is directly triggering seismicity, a close 320 
correlation between ΔV and ΣMO is expected (see Figure 1b of Shapiro et al., 2011, for an 321 
example). At Weyburn, there is not an obvious correlation between ΔV and ΣMO, regardless 322 
of whether we consider injected volume or net volume change. This lack of close correlation 323 
between injected volume and cumulative moment released is further corroboration of the 324 
interpretations made in Section 3, namely that microseismicity is caused by stress transfer 325 
through the rock frame, and is not being driven directly by pore pressure changes induced by 326 
injection. 327 
  
(a) (b) 
Figure 7: Cumulative volume change and cumulative seismic moment released (scaled by the 328 
appropriate seismic efficiency) for two scenarios, (a) considering only fluid injection through I-1, and 329 
(b) net volume of fluid extracted considering production from wells P-1 – P-7 and injection into I-1.   330 
Figure 8 shows forecast values for MMAX following equation 4. In the lower panels of Figure 8 331 
we update b and SEFF based on the microseismic data recorded up until a given time. We then 332 
use these values to compute an expected value for MMAX for the total volume change ΔV at 333 
this time (injection only in Figure 8a, net volume change in Figure 8b). We note that the b-334 
value remains close to 1 throughout the monitoring period. SEFF remains very low, at a value 335 
of less than 2.6x10-7 when considering injection only, and less than 3.1x10-7 when considering 336 
net volume change. As such, the forecast values for MMAX never exceeds magnitude 0.0 in 337 
either case. As such, as long as SEFF and b remain at these levels during operations, we do not 338 
expect CO2 injection at Weyburn to trigger felt seismicity. Continued microseismic 339 
monitoring can warn if these values begin to change, which might represent a previously 340 
inactive fault becoming active, for example.   341 
 
(a) 
 
(b) 
Figure 8: Using equation 4 to forecast MMAX based on the observed microseismic data. In the lower 342 
panels of each plot, SEFF and b are continually updated. In the upper panels, equation 4 is used to 343 
update the forecast MMAX (red line). Also shown are the observed magnitudes (black dots). The forecast 344 
MMAX does a good job of matching observations at Weyburn, suggesting that larger, felt events are 345 
unlikely. As per Figure 7, we consider two scenarios, (a) considering only fluid injection through I-1, 346 
and (b) net volume of fluid extracted considering production from wells P-1 – P-7 and injection into I-347 
1.   348 
4.3. Seismogenic Index 349 
An alternative measure of the seismicity induced by injection is the seismogenic index. 350 
Shapiro et al. (2010) define the seismogenic index, Σ, to characterise the number of events of 351 
a given magnitude generated by injection. They observe that N at time t is a function of the 352 
volume change at this time and Σ: 353 
log10 N = log10 ΔV(t) – bM + Σ.   (5)    354 
Σ should remain constant through time, regardless of injection rate, or the chosen value of M. 355 
In Figure 9a we plot the variation in Σ through time for the Weyburn events, noting that for 356 
most of the study period, -6.5 < Σ < -5.5, with a mean of -6. Dinske and Shapiro (2013) 357 
catalogue Σ for a range of injection projects (geothermal, wastewater disposal, shale gas 358 
hydraulic fracturing), including those that have triggered felt seismicity, finding that 359 
measured seismogenic indices range from -9.5 < Σ < 0.5. The value of Σ observed at 360 
Weyburn is towards the lower end of the range described by Dinske and Shapiro (only 361 
hydraulic stimulation at Cotton Valley and in the Barnett Shale have lower values for Σ).  362 
 363 
  
(a) (b) 
Figure 9: Panel (a) shows the seismogenic index measured for the microseismic events recorded at 364 
Weyburn, using CO2 injected (green) and net volume change (red) as the volumes to which seismic 365 
moment is correlated. The grey lines correspond to the values computed by Dinske and Shapiro (2013) 366 
for a range of sites. Panel (b) shows the forecast magnitude probabilities based on a Σ value of -6. 367 
Values for Σ of approximately -6 are towards the low end of the range observed by Dinske and Shapiro 368 
(2013), implying a low risk of felt seismicity at Weyburn.  369 
Shapiro et al. (2010) show how Σ can be used to estimate the probability that an event of a 370 
given magnitude is induced. The probability that a given magnitude will be exceeded, P(M) 371 
can be computed from the seismogenic index and the b value as: 372 
 P(M ) =1− exp(−ΔV.10Σ−bM )  . (6) 373 
This probability as a function of magnitude is shown in Figure 9b, and indicates a 12% 374 
probability that an event larger than magnitude 0.0 will occur, and less than 1% chance that 375 
an event larger than magnitude 1.0 will occur. We conclude that the seismogenic index 376 
measured here provides a further indication that at present there is a low risk of triggering felt 377 
seismicity at Weyburn. 378 
5. CONCLUSIONS 379 
In this paper we present a reanalysis of the microseismic events recorded during oil 380 
production and CO2 injection into the Phase 1B portion of the Weyburn oilfield. The most 381 
notable feature of the microseismic observations is that they do not match with conventional 382 
ideas about injection-induced seismicity, where high pore pressures reduce the effective 383 
normal stress, leading to seismicity in areas with high pore pressure. Instead, events are 384 
primarily located adjacent to production wells, where pore pressures might be expected to be 385 
lower, and in the under- and overburdens above/below these wells. Microseismicity does 386 
occur near to the injection well, but only once this well has been shut in and pore pressures 387 
are falling.  388 
However, these observations can be understood once the full geomechanical response to both 389 
production and injection is considered, with stresses being transferred through the rock frame, 390 
both in the reservoir and through the under- and overburden. On this understanding, events in 391 
the overburden do not imply a hydraulic connection, and therefore do not suggest a risk of 392 
leakage.  393 
The re-analysis of the microseismic events presented here corroborates the geomechanical 394 
interpretation presented by Verdon et al. (2011). The Gutenberg-Richter b-value is observed 395 
to be close to 1, similar to values for tectonic settings, whereas higher b-values are commonly 396 
observed in situations where seismicity is directly driven by fluid and pore pressure changes 397 
(such as at volcanoes, during hydraulic fracturing, or in other injection-induced seismicity 398 
case studies). Furthermore, there is no obvious correlation between fluid volume changes and 399 
the rate of seismic moment release, as is often observed when fluid injection is driving 400 
seismicity directly.  401 
Finally, we use two methods to make estimates about the possibility of CO2 injection leading 402 
to induced seismic events of sufficient magnitude to be of concern to local populations. Using 403 
both the seismic efficiency (as described by Hallo et al., 2014), and the seismogenic index (as 404 
described by Shapiro et al., 2010), we find that, based on the observed microseismicity to 405 
date, the probability of inducing an event with magnitude greater than 1.0 is very remote. 406 
Continued monitoring at Weyburn will allow operators to quickly establish if this were to 407 
change – for instance if injection began to re-activate a previously inactive fault. However, 408 
given that injection has now proceeded at Weyburn for over 15 years without any felt 409 
seismicity, this scenario appears to be very unlikely.  410 
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